Rat diaphragms depleted of calcium involved in excitation-contraction (E-C calcium) coupling were tagged with 4B Ca. Seventy percent of the 45 Ca was extracted by a 25 HIM NaHCO s -50% glycerol solution. Treatment of the muscles with caffeine, shown previously to release E-C calcium, decreased extractable 45 Ca to about one-fourth of that of control muscles, indicating that a large fraction of the extracted 45 Ca is involved in E-C coupling. On gel nitration, only l OSfc of the extracted 45 Ca was bound to protein. This figure increased to 30% when procaine (which stabilizes E-C calcium) was present in the extraction solution; total extracted 4B Ca remained unchanged. The results suggest that E-C calcium is extracted from the muscle as a calcium-protein complex and is readily dissociated from the protein unless prevented in part by procaine. Cadmium-115, which is shown to replace
• Cardioglobulin-C, the calcium-containing member of the cardioglobulin system, has been suggested as the source of calcium involved in the excitation-contraction (E-C) process in mammalian skeletal muscles and in the potentiation of contraction in certain mammalian cardiac muscles (1) .
In this paper, we report the extraction of a calcium complex from rat skeletal muscle, present evidence suggesting that the complex takes part in E-C coupling, and show that one component of the extract is antigenically related to rat cardioglobulin-C.
Although the cardioglobulin-C of different species is functionally interchangeable, the chemical characteristics of each are different. For example, gel filtration on Sephadex G-200 showed that human cardioglobulin-C is much smaller than rat cardioglobulin-C (2). Since most previous work has been done on rat cardioglobulin-C (3), diaphragms excised from female Sprague-Dawley rats (130-160 g) were used for the extraction. The diaphragms were depleted of E-C coupling calcium by 2-4 hours of constant stimulation in Ca-free Krebs solution. Such muscles became unexcitable to electrical or chemical stimulation. Addition of calcium to the bathing solution soon restored the muscle to full activity (1) . A similar but faster depletion of calcium could be achieved if contracture was induced by the addition of caffeine (5 mg/ml or more) in a Ca-free medium (4) . After the spontaneous disappearance of contracture, which occurred after 20-60 minutes, the muscle was unexcitable, but elimination of the caffeine and 359 addition of calcium restored the contractility of the muscle. In the experiments described in this paper, 45 Ca (5-20 fic/ml in Ca-free Krebs solution) was added to the depleted muscle. In this way, high specific activity was achieved, but large quantities of radioactive material were not handled. Because of the low total concentration of calcium in the solution, the calcium stores of the muscle were only partially replaced during a period of 20-25 minutes. This was reflected in the return of only 10-20$ of the original contractility. For complete restoration of contractility, we would have had to handle 10-20 times more isotope or accept a lower specific activity. A similar approach was used when the depleted muscle was equilibrated with 11B Cd. The tagged muscles were washed for 50 minutes with Ca-free Krebs solution before extraction was begun.
EXTRACTION
The presence of calcium or any of its substitutes is essential during extraction as a marker for the protein. In a previous study, the effect of temperature, ions, and drugs on the strength of the bond between calcium and the binding protein was described (4) . Low temperature, low monovalent cation concentration, low calcium concentration, and pH greater than 8.0 provided the strongest bond. To satisfy these conditions, cold 25 mM NaHCO B was selected as the basic extraction solution. Once a solution was designed to stabilize the calcium-protein complex, it had to be modified to allow release of this complex from the cell structure. For this purpose, a solution of 25 mM NaHCO 3 in 50$ glycerol was used, This allowed the solution to dissolve the phospholipid and cholesterol of the muscle membrane and to facilitate the release of the protein.
The pH of the extraction solution was 8.7. When required, a more alkaline pH was achieved by replacement of NaHCO 3 with an equivalent amount of NaOH. Muscles tagged and ready for extraction were cooled to 0°C with ice-cold Ca-free Krebs solution for 5 minutes while still in the muscle bath (4), and then the bath contents were replaced with ice-cold extraction solution for another 20-30 minutes. Muscles were cut away from their rib and tendon attachment, quickly put into cold extraction solution, and taken into the cold room (4°C). They were blotted dry, weighed on a torsion balance, and homogenized in a hand-operated glass tissue grinder (Ten Broeck, 15 ml) for about 3 minutes with 1 ml of extraction solution for every 20 mg of muscle. After removal of a 0.2-ml sample for counting, the remainder of the homogenate was centrifuged at 48,000 g for 30 minutes. The liquid phase between the pellet on the bottom and a white lipid layer floating on the top was separated with Circulation Retard, Vol. XXIX, October 1971 a Pasteur pipette. The extract contained approximately 1-3 X 10 6 count/ min ml-1 . Extracts were stored in this form at -20°C without noticeable chemical change.
LARGE-SCALE EXTRACTION FOR IMMUNOCHEMICAL STUDIES
Ten grams of fresh ice-cold rat psoas and thigh muscle were ground in a Latapie tissue grinder (micro model, 15 ml). Eight grams of the ground muscle were suspended in 160 ml of Ca-free Krebs solution, stirred for 5 minutes, and then centrifuged for 10 minutes at 48,000 g. The supernatant fluid was discarded and the muscle pellet resuspended and treated as above. The procedure was repeated a third time, but the final centrifugation was for 30 minutes instead of 10. The muscle pellet was suspended in 80 ml of the NaHCO 8 -glycerol solution and homogenized in a glass tissue grinder in eight separate portions. The pooled homogenate was stirred for 30 minutes and centrifuged for 50 minutes at 48,000 g. The glycerol extract was separated from the muscle pellet and the lipid pellicle. Before gel filtration, a 115 Cd-tagged diaphragm extract, obtained as described above, was added as a marker, so that the whole extract contained approximately 10* count/min imH. The proteins of this crude glycerol extract were purified by following the 11B Cd marker, first on Sephadex G-200 columns. The 11B Cd peak was cut and reconcentrated to the original volume by ultrafiltration. This reconcentrated material was then rechromatographed on Sepharose 2B columns, after which the 115 Cd tag appeared in two distinct peaks (Fig. 6) . Although immune diffusion analysis detected a small amount of cardioglobulin-C in the first peak (fraction 1), the titer was considerably higher in the second peak (fraction 2) and this fraction was therefore used for the experiments.
CHROMATOGRAPHY
Sephadex G-20, G-50, and G-200 and Sepharose 2B were prepared according to the instructions of the manufacturer (Pharmacia Fine Chemicals, Inc., Piscataway, N. J.). The final equilibration of the gels was done in extraction solution. Glass columns (2-4 cm i.d.) were used. The gel rested on Teflon felt (Armalon, Du Pont) and the same kind of felt was used to protect the top of the column. The settled length of the gel varied between 25 and 30 cm. The same solution used for extraction was used for elution. Blue Dextran 2000 (Pharmacia Fine Chemicals), 10 mg/ml, was dissolved in 50S glycerol in a glass tissue grinder and centrifuged (48,000 g, 30 minutes). The supernatant fluid was used as a marker during chromatography with Sephadex and Sepharose gels.
IMMUNOCHEMICAL METHODS
Antiserum to rat cardioglobulin-C was produced by two subcutaneous injections into rabbits of a rat cardioglobulin-C fraction in complete Freund's adjuvant as previously described (3). The gel used for precipitin analysis was 0.075$ agarose (Seakem Company) in 0.15M NaCl buffered at pH 7.3 with 0 . 0 0 5 M potassium phosphate buffer. Frog hearts with bound cardioglobulin were used as a specific immunoadsorbent for anti-rat cardioglobulin-C antibody as previously described (3) . In brief, a 1/5 dilution of rabbit anti-rat cardioglobulin antiserum was added in succession to a series of 6-9 frog hearts containing bound cardioglobulin-C. The equilibration time in each heart was 15 minutes. Antiserum was added to control hearts by the same procedure. The sera were then ultrafiltered in cellophane membranes and the final volumes were adjusted so that the optical density at 280 nm for experimental and control sera was equal, at a value close to that of the original serum.
ISOTOPES AND DRUGS

The
4C Ca 1 had a specific activity of 5.5-6.7 mc/mg. The n B Cd 2 had a half-life of 43 days and an activity of 0.25-0.38 mc/mg. The pH of the stock solution of isotope was adjusted to approximately 6.0 with 1.0N NaOH. For experiments involving efflux measurements, diaphragms were prepared and tagged as described above except that they were washed with Ca-free Krebs solution for only 20 minutes after tagging before the actual sampling began. Collecting for the efflux measurements took place in 16 separate 5-ml plastic baths exchanged every 10 minutes (1). Radioactivity of the individual bath contents was measured in a liquid scintillation spectrometer (Packard Tricarb Model 574). One ml of sample was added to 10 ml of Bray's solution (5) . The efflux rate constant was calculated by dividing the number of counts appearing in the bath over the collection period by the number of counts in the muscle at the beginning of the same period. Since the measurements were made over 10-minute periods, this number was divided by 10 to express the rate constant in the units of min-1 .
Results
EXTRACTION OF THE «Co COMPLEX FROM MUSCLE
Rat diaphragms were depleted of E-C calcium by constant stimulation in Ca-free Krebs solution, repleted with 4B Ca, and then extracted with NaHCGvglycerol. In 19 muscles, 65 ± 1% (mean ± sr>) of the muscle 46 Ca was extracted. An additional 5% was obtained by two more extractions. Thus about 70% of the muscle 45 Ca is extractable by 50% glycerol. To determine whether the
4S
Ca was bound, extracts were chromatographed on Sephadex G-20 and G-50. It was found that 11 ±3% (12 columns, 9 extracts) of the 46 Ca was excluded from the gel. This 45 Ca, therefore, is probably bound to a molecule of large size. Since the remain ing 89%, entered the G-20 gel, it is probably free 45 Ca. These results raised two questions: (1) Does either the bound or the free extracted calcium represent E-C calcium? (2) Did the free calcium exist as such in the muscle or was it released from a complex during the extraction?
The following experiments were designed to answer these questions.
EXTRACTION OF THE "Co COMPLEX FROM CAFFEINE-TREATED MUSCLE
Since both caffeine (4, 6, 7) and ryanodine (lot no. 6259F) 3 (1) release E-C calcium, the effect of these drugs on glycerol-extractable calcium was studied. Six pairs of 46 Ca-labeled muscles were used. The control member of each pair was equilibrated for 50 minutes in Ca-free Krebs solution; the experimental muscle was exposed to an identical solution containing either 5 mg/ml caffeine (three muscles) or 5 /Ag/ml ryanodine (three muscles). The drug concentrations were selected to achieve partial depletion of the E-C calcium, so that a diminished but measurable amount would remain. The glycerol extract of the caffeine-treated muscles contained 28% (26, 26, 33%) of the 4B Ca found in the paired control; the figure for the ryanodine muscles was 44% (40, 44, 48%). The results of gel filtration of the extracts on Sephadex G-50 are shown in Figure 1 . Nine percent of the 45 Ca in the control muscle extract is excluded from the gel and appears as the first sharp peak. The remainder is eluted in a second peak, which represents the unbound calcium. The dotted curve, obtained from the caffeine-treated muscles, shows that the fraction of bound and free (first and second peaks, respectively) 
FIGURE 1
Elution patterns of * l
Ca obtained during gel filtration on Sephadex G-SO of procaine-glycerol extracts (solid muscles pretreated with caffeine (broken line) and controls without caffeine (solid line). Solution used for elution was identical with extraction medium. Temperature 4°C. Percents are the average of 6 extracts
for E-C coupling (9) . Experiments were done to see if this calcium-stabilizing action was reflected in an altered ratio of bound to free calcium when procaine 4 was added to the glycerol extraction solution. Six 4B Ca-tagged diaphragm pairs were tested, the experimental member of each pair being extracted and chromatographed on Sephadex G-50 with a glycerol solution containing 20 HIM procaine. Figure 2 shows that the bound calcium in the procaine extracts is about three times that of control. Thus the reported action of procaine in stabilizing E-C calcium is reflected in a higher fraction of the extracted calcium complex remaining in bound form.
REPLACEMENT OF E-C CALCIUM BY CADMIUM
Further evidence that the native form of E-C calcium is bound was obtained by studies with 115 Cd. Three conclusions were drawn. (1) In a muscle depleted of E-C calcium, cadmium binds to the calcium binding sites. (2) Whereas ryanodine releases calcium from E-C sites in the intact muscle, no release of calcium is the same as for the controls. Two tentative conclusions were drawn from this experiment: (1) The glycerol was probably extracting a complex involved in E-C coupling, since two different drugs which release calcium from the E-C system resulted in a decrease in the extracted calcium. (2) Since the ratio of first to second peak calcium in the extracts was the same for drug-treated and control muscles, the only difference being the total amount of calcium, it appeared likely that the calcium of both peaks was involved in E-C coupling. This finding also suggested the possibility that one form of 45 Ca is the naturally occurring one and that the other is a consequence of extraction or chromatography. If calcium could be stabilized in its original form, one form might increase at the expense of the other. Therefore the following experiments were done.
STABILIZATION OF THE CALCIUM COMPLEX BY PROCAINE
Local anesthetics antagonize the effects of caffeine (8) cadmium by ryanodine was observed. (3) Cadmium appears to bind more strongly than calcium to E-C sites, and a high ratio of bound to free cadmium in chromatographed glycerol extracts confirmed this observation.
Evidence that cadmium binds to the calcium E-C sites was obtained from five diaphragms depleted of calcium and then repleted by bathing for 20 minutes in Krebs solution in which calcium was replaced by equimolar cadmium. After the muscles were washed free of cadmium in Ca-free Krebs solution and labeled with 4S Ca, efflux measurements were made. The efflux of control muscles, which were not exposed to cadmium prior to 4B Ca tagging, is shown in the top curve of Figure 3 . Addition of ryanodine at 60 minutes causes a characteristic increased release of calcium. This does not occur in the cadmium-treated muscles, suggesting that cadmium blocked uptake of 4B Ca by the ryanodine-sensitive sites, presumably by binding strongly to those sites. Furthermore, when the E-C calcium of four muscles was depleted and then repleted with 116 Cd, efflux of 115 Cd was not increased by ryanodine (Fig. 4) .
Additional evidence that cadmium was binding to E-C calcium sites was obtained with seven pairs of diaphragms. One member of each pair was slightly depleted of calcium by a 50-minute period of stimulation once every 10 seconds in Ca-free medium, the other member was profoundly depleted over the same period of time by caffeine (5 mg/ml) in Ca-free medium. The muscles were then washed for 10 minutes in Ca-free Krebs solution, exposed to llB Cd, and extracted with glycerol. The seven control muscle extracts had a mean of 58,000 count/min mg- 1 . The caffeine-treated mean was 176,000 count/min mg-1 (t = 11.6, P<0.001), which shows that muscles in which a large part of the calcium was released by caffeine took up three times as much cadmium as the controls.
These experiments indicated that cadmium could occupy the E-C calcium sites. It was then shown that the glycerol-extractable cadmium was quantitatively equal to the extractable calcium. Seven diaphragm pairs were depleted of calcium and then repleted in parallel with equal amounts of either 115 ratio. The ryanodine experiments suggested that cadmium binds to the sites more strongly than calcium. This was reflected in the results of chromatography of the cadmium glycerolextracted cadmium. Figure 5 shows that virtually all the 11B Cd is bound, being eluted from G-50 in the gel-exclusion peak. Figure 6 shows results of chromatography on Sepharose 2B, which allows larger molecules to enter the gel bed. About 70% of the total 115 Cd forms a well-defined peak which entered the gel. About 15^ was excluded and another 15% was recovered as a very long tail. The major peak is probably the cadmium complex as it occurs in the muscle, The first-peak material excluded by the gel is composed of either particles not ELUTION VOLUME ml
FIGURE 6
Elution pattern of brought down by centrifugation or of aggregates of second-peak material, the formation of which is common in other systems of macromolecules (10) . The tail is probably cadrniurn that separated from the extracted complex (its amount was greater in extracts not containing the stabilizing procaine) and combined with a molecule which interacts with Sepharose, thus accounting for the delayed elution. Inorganic
11B
Cd alone does not show this type of irregular behavior on Sepharose. Thus the cadmium data support the notion stated earlier that glycerol extracts an unstable calcium macromolecule complex and that much of the calcium dissociates from the complex during extraction. The cadmium complex is analogous, but much more stable.
ANTIGENIC RELATIONSHIP OF THE GLYCEROL-EXTRACTED MATERIAL TO CARDIOGLOBULIN-C
We showed previously that there is a calcium transport protein system in rat plasma; one component of this system, called cardioglobulin-C, is a calcium-protein complex. This plasma protein is bound to the limiting membrane of certain cells, including skeletal muscle (3). We therefore tried to determine whether the glycerol-extracted calcium-protein complex of the muscle was chemically related to cardioglobulin-C.
Antiserum was raised in rabbits against a high molecular weight fraction of rat serum proteins which included cardioglobulin-C (3). This will be called anti-C antiserum; it contains an antibody against rat cardioglobulin-C as well as several other rat serum globulins. The first step in the analysis is illustrated by the precipitin lines in Figure 7 . The central well contains whole rat serum, diluted 1:20. The peripheral well (d) contains anti-C antiserum. Three precipitin lines can be seen, which are numbered in order starting from the antigen well. The problem was to identify the cardioglobulin-C precipitin line. This was accomplished by finding which line disappeared when the antibody to cardioglobulin-C was specifically removed from the antiserum. The removal of this specific antibody, which was described previously (3), is done by equilibrating the antiserum with frog hearts, which have rat cardioglobulin-C bound to the muscle membrane. If rat cardioglobulin-C is the only rat antigen bound to the frog heart, then antibody to this antigen alone will be removed during equilibration with the hearts. When absorbed antiserum was placed in the peripheral well (BC in Fig. 7 ) line 3 (the line closest to the antibody well in the control, d) was missing from the resultant precipitin pattern. From this evidence, cardioglobulin-C appears to be in precipitin line 3. Previous experiments (11) showed that the binding of rat cardioglobulin-C to frog heart CircttUlion Resutrcb, Vol. XXIX, October 1971 requires prior exposure to cardioglobulin-B, supplied in the form of diluted human plasma. When rat cardioglobulin-C is applied to frog hearts without prior application of human plasma and the hearts are then washed and used for absorption of antiserum, the absorbed antiserum is still capable of developing three precipitin lines. This is shown in Figure  7 ; the absorbed antiserum was placed in the well labeled C. Thus the frog heart is an effective immunoabsorbent for the line 3 antibody only under conditions in which rat cardioglobulin-C is present on the heart surface.
Having established with reasonable certainty that cardioglobulin-C occurs in precipitin line 3, we proceeded with the next step in the analysis, which is illustrated in Figure 8 . The central well contains anti-C antiserum. In the peripheral wells at 1, 3 and 5 o'clock are a 1:40 dilution of rat serum, a Sepharose fraction 2 from glycerol extract of rat skeletal muscle, and a Sephadex G-200 cardioglobulin-C fraction from rat serum. Line 3 can be identified in the rat serum precipitin reaction, and it is continuous with a corresponding line made by the Sepharose muscle fraction and the cardioglobulin-C antigens. There is no crossing or spur formation where the lines meet, so it can be concluded that the line 3 proteins from the muscle calcium-protein complex and the cardioglobulin-C fractions are immunochemically identical. The figure shows an additional muscle extract precipitin line which is also chemically related to a rat serum protein, since it is continuous with rat serum precipitin line 2. This is not a cardioglobulin component, since the line still forms with antiserum absorbed by cardioglobulin-B and cardioglobulin-C on frog hearts (Fig. 7) .
Discussion
In the extraction of a protein-ion complex using a radioactive ion to label the complex, it is always possible that the label will become free during homogenization and extraction. Although bound calcium is stable in resting muscle, calcium release occurs during depolarization (1). The chemical configuration of the membrane characteristic of the polarized state probably cannot be sustained during homogenization. Therefore it was not surprising that only 1035 of the calcium was bound and 9095 free after extraction with NaHCO a -glycerol, despite the fact that the composition of this solution was based on a thorough physiological study that established conditions favoring stability of the bond between calcium and its binding constituent (4) .
The first change in the ratio of bound to free calcium in the extract was achieved by the use of procaine, which is an antagonist of caffeine (8, 9) . Thus procaine can be used for stabilization of the calcium bond. The second improvement was achieved by replacing calcium with cadmium. The correctness of this substitution was evaluated in the excised diaphragm under physiological conditions. In these experiments, cadmium showed stronger binding than calcium at the calcium sites. Thus the 116 Cd peak on Sepharose 2B (Fig. 6 ) is due to a protein which very likely binds calcium involved in E-C coupling.
Selection of 50% glycerol for the extraction solution was fortunate, since despite the fact that it does not tend to denature proteins, it extracted 70% of the muscle 45 Ca. Furthermore glycerol extracted only a small amount of the muscle proteins, leaving behind most of the contractile protein to which the good contractile properties of glycerinated muscle attest. The crude glycerol extract obtained after centrifugation was a slightly pink, clear solution and, except for a few lipid droplets, showed no microscopically recognizable subcellular structure at lOOOx magnification.
Our results indicate that the Sepharose fraction 2 skeletal muscle extract contains a protein which is immunochemically identical with rat cardioglobulin-C, the calcium containing protein of a calcium transport system previously identified in rat plasma (11) . This conclusion is based on the fact that one of the precipitin lines formed by interaction of Sepharose fraction 2 with anti-cardioglobulin-C antiserum forms a line of identity with the plasma cardioglobulin-C precipitin line. The findings suggest that the calcium-releasing protein isolated from rat diaphragm is in fact cardioglobulin-C. Additional weight is thus added to the evidence that the rat diaphragm extract contains a calcium-releasing protein since the demonstration that cardioglobulin-C is a calcium-releasing protein was made independently on a different model system (11) . Of course until the diaphragm extract contains only one protein, we cannot rule out the possibility that there is another calciumprotein complex in the extract
